VARIOUS FACTORS THAT OBSTRUCT large bile ducts (e.g., stones, strictures, cancers) inhibit bile flow and induce compensatory proliferation of intrahepatic ductular cells to generate alternative biliary conduits (14) . In healthy adult livers, bile ducts are lined by cholangiocytes that are derived from small numbers of resident, bipotent liver epithelial progenitors (dubbed hepatoblasts in humans and oval cells in rodents) that are also capable of differentiating to form hepatocytes. Hepatoblasts/oval cells and their immediate progeny localize to the most proximal branches of the intrahepatic biliary tree (dubbed canals of Hering) (31, 32) . During large bile duct obstruction, the ductular cells that accumulate in periportal areas express markers of immature liver epithelial cells, including keratin 7 (KRT7) and nestin, suggesting that bile duct obstruction promotes expansion of the progenitor pool (8, 28, 29) . Myofibroblasts (MF) and fibrous matrix also accumulate along portal tracts, eventually leading to biliary cirrhosis (14) .
Intrahepatic accumulation of proliferative, immature ductular cells and stromal elements also occurs transiently during the normal process of hepatobiliary development. As in adults, in developing embryos both the biliary tree and the liver parenchyma are formed from multipotent progenitors (30) . Ductal plates form when hepatoblasts that rim portal vein branches begin cholangiocytic differentiation (30) . Remodeling of the ductal plate structures is subsequently orchestrated via epithelial-mesenchymal interactions that eventually generate tubes that are incorporated into the perivenous mesenchyme (30) . This phase of ductular morphogenesis begins with migration of the nascent ductular cells into the mesenchyme and is associated with transient accumulation of fibrous stroma and fibroblastic cells. Eventually, the fibroblastic cells disappear and excess matrix is reabsorbed, leaving small ducts embedded in well-defined portal tracts (30) . Further maturation of the cells lining these remodeled tubular ducts ultimately completes the intrahepatic biliary tree (30) . In humans, growth of the intrahepatic biliary system continues into early childhood and maturation is completed in adolescence (30) .
The mechanisms that mediate remodeling of the adult biliary system in response to obstruction are less well understood. It is clear, however, that, as in development, in adulthood biliary morphogenesis involves paracrine cross talk between cholangiocytes and neighboring stromal cells, particularly MF (25, 27, 30) . After large bile duct obstruction, intrahepatic ductular cell production of various profibrogenic factors, including certain developmental morphogens, increases (9, 12, 13, (25) (26) (27) . This promotes the growth of MF populations and enhances fibrogenesis. The MF, in turn, generate soluble factors that promote the proliferation and viability of ductular cells and other liver progenitors, thereby fueling further accumulation of such cells (25, 27) . Hence the microenvironment of the portal tracts in adult livers with bile duct obstruction becomes skewed to favor the growth of immature ductular cells and MF. Large bile duct obstruction in adults, therefore, may recapitulate some of the forces that promote bile duct formation during embryogenesis.
As detailed earlier, formation and remodeling of primitive ductal plates to generate mature bile ducts requires cross talk between liver epithelial progenitors and stromal elements (33) . Cholangiocytic differentiation of hepatoblasts is promoted by the profibrogenic cytokine, transforming growth factor-␤ 1 (TGF-␤ 1 ) (3, 30) . Formation of the ductal plate also involves angiopoietin 1 (Angpt1)-mediated induction of tyrosine kinase receptor (Tie2) signaling (6) . TGF-␤ 1 inhibits Angpt1 (23) , however, suggesting that this cytokine may regulate ductulogenesis by differentially influencing various stages of the process. In endothelial cells, Angpt1 activation of Tie2 induces tryptophan hydroxylase (TPH) and 5-hydroxytryptamine (5-HT, serotonin) production (4, 5, 10, 35) . It is not known whether 5-HT has any role in bile duct development during embryogenesis. In adults, however, platelet-derived 5-HT has been reported to promote hepatocyte growth (24) , whereas type 1 5-HT receptor agonists have been shown to inhibit cholangiocyte proliferation (21) . These findings suggest that 5-HT might exert opposing effects on the hepatocytic and cholangiocytic progeny of bipotent liver progenitors.
Cholangiocytes variably express markers of neuroendocrine cells, such as nestin, chromogranin A, and N-cam (7, 21, 30) . In addition, they are known to release 5-HT (7, 21) . This background information led us to hypothesize that cholangiocytes synthesize 5-HT and that the proliferation of cholangiocyte precursors and their progeny in adulthood is regulated by cross talk between liver MF and cholangiocytes that modulates cholangiocyte 5-HT biosynthesis. To address this issue, adult cholangiocytes were examined for expression of the enzymes, receptors, and transporters that control 5-HT homeostasis, as well as for their ability to produce 5-HT when cultured alone or with liver MF in a Transwell coculture system. The direct effects of 5-HT on cholangiocyte proliferation were characterized and a MF-derived factor that regulated cholangiocyte 5-HT production was identified. To determine whether cholangiocyte-derived 5-HT exerted pathophysiologically relevant effects on remodeling of the obstructed biliary system, bile duct ligation was then performed in adult WT mice and transgenic mice with an inactivating TPH mutation that reduces biliary 5-HT production. Data from the in vitro and in vivo studies support the hypothesis and identify 5-HT as an important mediator of biliary remodeling in adults.
MATERIALS AND METHODS

Human Subjects
Anonymized liver sections from three patients with primary biliary cirrhosis and two control healthy livers were obtained from the Duke University School of Medicine Tissue Bank Shared Resources. Samples were studied under a protocol approved by the Duke University Health System Institutional Review Board, in accordance with National Institutes of Health guidelines for human subject research.
In Vitro Studies
Cell lines and culture experiments. Murine cholangiocyte 603B line was kindly provided by Yoshiyuki Ueno (Tohoku University, Sendai, Japan) and G. Gores (Mayo Clinic, Rochester, MN) and maintained as described (25, 27) . Normal rat cholangiocyte line (NRC) was a gift of N. LaRusso (Mayo Clinic, Rochester, MN), and clonally derived rat hepatic stellate cell line (MF-8B) was obtained from M. Rojkind (George Washington University, Washington, DC) (25, 27) . To perform a phenotypic analysis and comparison of cholangiocytes from mouse and rat, monocultures of 603B and NRC lines were performed and mRNA, protein extracts, and cytospins were collected.
To assess the effects of MF-derived factors on cholangiocytes, MF-8B and 603B cholangiocyte lines were cultured for 3 and 6 days alone or in a Transwell insert coculture system, as previously reported (25, 27) . In each experiment, mRNA, protein, and conditioned medium were pooled from all six wells and used for subsequent quantitative real-time reverse transcription-polymerase chain reaction (QRT-PCR), Western blot analysis, or HPLC. All the experiments were repeated three times.
To evaluate how 5-HT affects cholangiocyte growth, murine cell line monocultures were performed in both chamber glass slide systems (NUNC Lab-Tek II, Nalge Nunc International) and 96-well plates (Corning). Cells were treated with increasing doses of exogenous 5-HT (0 -6-60 -180 ng/ml, 5-HT hydrochloride H9523 Sigma) in medium supplemented with 5% FBS to reproduce coculture conditions. After 48 h, cholangiocyte proliferation was assessed by evaluating 5-bromo-2=-deoxyuridine (BrdU) incorporation by both immunocytochemistry and ELISA assays.
Cholangiocyte monocultures were also treated with vehicle or recombinant TGF-␤ 1 (2 ng/ml, 240-B002 R&D Systems) for 24 h. The effects of this treatment on the Angpt1/Tie2/TPH2 axis were evaluated by QRT-PCR.
In the attempt to reproduce the effect of exposure to cholangiocytederived 5-HT, MF monocultures were also treated with exogenous 5-HT (5-HT hydrochloride H9523 Sigma), and TGF-␤1 mRNA induction was quantified by QRT-PCR.
mRNA extraction and QRT-PCR. Total RNA was extracted by using TRIzol (Invitrogen) combined with RNeasy columns (Qiagen). Samples were reverse transcribed to cDNA templates after RNasefree DNase I treatment (Qiagen) and amplified by using a SYBR Green PCR Master Mix (Bio-Rad Laboratories) as previously described (25, 27) . Amplicon products were separated by electrophoresis on a 2.0% agarose gel buffered with 0.5 ϫ Tris-borate-EDTA and representative products were then visualized via an AlphaImager 3400 gel analysis system. Target gene expression was normalized to housekeeping gene expression and presented as a ratio to levels detected in corresponding experimental control according to the ⌬⌬Ct method (25, 27) .
Western blotting. Western blot analysis was performed by use of standard techniques. 603B and NRC cells were homogenized in RIPA buffer (Sigma) supplemented with protease inhibitors (Complete Mini 11 836 153 001, Roche). Whole cell lysates (40 mg) were separated by polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes. Primary antibodies against KRT19 were rat anti-mouse (Troma-III, Hybridoma Bank) and mouse anti-human (1:1,000, Dako) for mouse and rat cell lines, respectively. Appropriate secondary antibodies (1:2,000) were used with antigens demonstrated by enhanced chemiluminescence (Pierce Biotechnology).
Immunocytochemistry. To characterize the cholangiocyte cell lines used in this study, 603B or NRC lines were also cytospun onto VWR superfrost plus microslides (VWR International) by using the Shandon Cytospin 4 (Thermo Scientific) at 600 rpm for 5 min. Slides were air dried for 24 h and then fixed with cold (Ϫ20°C) acetone for 5 min. Cells were permeabilized with TBS-Tween 0.2% for 10 min followed by TBS-Triton-X 0.1% for an additional 10 min at room temperature (RT). Cells were then washed in PBS twice and incubated with Peroxidase Block reagent (Dako) for 10 min to inhibit endogenous peroxidase activity, and nonspecific binding was blocked by use of DakoCytomation serum-free protein block (Dako) for 30 min. Slides were then incubated overnight at 4°C with primary antibody (1:100 dilution) against KRT19 (rat anti-mouse, Troma-III, Hybridoma Bank) or type 1A 5-HT receptor (HTR1A, ab79230, Abcam). Goat anti-rat IgG horseradish peroxidase (HRP)-conjugated (1:100, sc-2006, Santa Cruz, CA) or Dako EnVision-HRP labeled polymer anti-mouse were used as secondary antibodies and incubated for 1 h at RT. Counterstaining with diaminobenzidine (DAB) (Dako) was then performed.
603B and NRC were then analyzed by immunofluorescence to assess the presence of enzymes involved in 5-HT biosynthesis. Cells were fixed with cold (Ϫ20°C) acetone for 5 min and then permeabilized with TBS-Tween 0.2% for 10 min followed by TBS-Triton-X 0.1% for additional 10 min at RT. Cells were then washed in PBS twice, primary antibodies against TPH1 (rabbit polyclonal TPH-H60, sc-30079, Santa Cruz) or TPH2 (goat polyclonal, TPH2-C12, sc48955) were applied overnight in 4°C. After a washing with TBS-Tween 20 0.01%, secondary antibodies were added for 30 min. Isotype-matched antibodies (R&D Systems) were used as negative controls. Alexa Fluor 488 goat anti-rabbit (Molecular Probes) and Alexa Fluor 594 donkey anti-goat were used as secondary antibodies (1:100 dilution). Coimmunofluorescence for TPH2 and the biliary marker ␥-glutamyl transferase (␥GT) (GGT1/2 sc-20639, Santa Cruz) was also performed in both cell lines. Counterstaining with 4=,6-diamidino-2-phenylindole (Vectashield H-1200, Vector Laboratories) was employed.
To assess BrdU labeling index in vitro, 603B were seeded onto glass chamber slides (Lab-Tek II, Nalge Nunc International) and incubated with increasing doses of 5-HT (0 -6-60 -180 ng/ml, 5-HT hydrochloride, H9523 Sigma) in medium containing 5% FBS for 48 h. At 4 h before the incubation end time, BrdU was added to allow proliferating cholangiocytes to incorporate it into nuclei. Cells were then washed in PBS twice, fixed in 80% acetone for 10 min, and then denaturated with 1 N HCl for 10 min. Incubation with Peroxidase Block reagent (Dako) was used to inhibit endogenous peroxidase activity and nonspecific binding of antibodies were blocked with DakoCytomation serum-free protein block (Dako) for the following 30 min. Slides were then incubated with primary antibody (1:100 dilution) against BrdU (M0744 anti-BrdU, clone Bu20a Dako) for 1 h at room temperature. Dako EnVision-HRP labeled polymer antimouse was used as detection system and standard DAB (Dako) counterstaining was performed.
Cell proliferation assay. Incubation of 603B cells with exogenous 5-HT was repeated in 96-well plates, and ELISA BrdU immunoassay (Roche, Mannheim, Germany) was performed, as per the manufacturer's instructions.
Soluble TGF-␤ 1 protein quantification. Conditioned medium was collected from mono/cocultures. The amount of TGF-␤1 released by cholangiocytes and MF into culture medium was quantified by using the Quantikine mouse, rat, porcine, canine TGF-␤ 1 immunoassay (MAB100B, R&D Systems) according to the manufacturer's instructions.
In Vivo Studies
Animals and surgery. Age-matched knockin (KI) mice carrying a TPH2 functional mutation in R439H allele (n ϭ 16) (1) and wild-type (WT) littermates (n ϭ 12) were obtained and maintained in a temperature-and light-controlled facility. To induce biliary fibrosis, animals underwent bile duct ligation (BDL) or sham surgery (Sham) and were euthanized 2 wk after surgical procedure. In each animal, liver and body weight were annotated and blood, bile, and liver samples were obtained. To assess cholangiocyte proliferating index in vivo, BrdU (50 g/g of body wt) was injected intraperitoneally 2 h before euthanasia as described. All animal care and procedures performed were approved by the Duke University Medical Center Institutional Animal Care and Use Committee.
Immunohistochemistry. Formalin-fixed, paraffin-embedded liver sections were stained with standard hematoxylin and eosin (H&E) to assess general histology. Cholangiocyte DNA replication index was assessed by in vivo nuclear incorporation of BrdU (Sigma-Aldrich). Sections were processed by using mouse anti-BrdU (M0744, Clone Bu20a, Dako) as described. Briefly, slides were fixed, permeabilized, and incubated with Peroxidase Block reagent (Dako) for 10 min. Tissues were pretreated for 10 min with Citraplus buffer (BioGenex) as heat-induced epitope retrieval. Slides were subjected to a 10-min denaturation process with 1 N HCl to permit anti-BrdU antibody to bind and blocked with DakoCytomation serum-free protein block (Dako) for the following 30 min. Slides were then incubated with primary antibody (1:100 dilution) against BrdU (M0744, clone Bu20a Dako) overnight at 4°C and Dako EnVision-HRP labeled polymer anti-mouse was used as detection system with standard DAB (Dako) counterstaining. Randomly selected, 20 ϫ portal tract fields were evaluated for BrdU-positive nuclei, and the BrdU labeling index was calculated separately for ductular and hepatocytic cells. To better evaluate proliferating cholangiocytes within areas of ductular reaction, colocalization of BrdU with KRT19 was also assessed. Namely, BrdU immunohistochemistry was performed as aforementioned. Slides were incubated with DakoCytomation serum-free protein block (Dako) for the following 30 min and rat anti-mouse KRT19 antibody (TROMA-III, Developmental Studies Hybridoma Bank) was then applied overnight at 4°C (1:500 dilution). Rat on mouse polymer (PROMARK, Biocare Medical) and Vulcan Fast Red Chromogen Kit2 (Biocare Medical) were used as a secondary detection system, following the manufacturer's instructions.
Standard immunohistochemistry was also performed to evaluate the expansion of KRT19-, AE1/AE3 (Zymex)-, and ␣-fetoprotein (A0008 Dako)-positive populations in response to Sham or BDL in transgenic mice and WT littermates. For KRT19 quantification, ϫ20 portal tract fields (excluding the major bile duct in each portal tract from consideration) were analyzed with the Metaview software (Universal Imaging) as described (26) . Detailed retrieval techniques and antibodies used are presented in Table 1 .
Morphometry. To quantify fibrosis, 5-m sections (N ϭ 5 per group) were stained with picrosirius red (Sigma) and counterstained with fast green (Sigma) (30) . Morphometric analysis and quantification were then performed by using Meta View software as previously described (27) .
Statistical analysis. Results are expressed as means with SE. Comparisons between groups were performed using the Student's t-test. Significance was accepted at the 5% level. 
RESULTS
Human, Murine, and Rat Cholangiocytes Express Type 1A 5-HT Receptors and Respond to 5-HT Treatment by Reducing Proliferative Activity
Immunostaining was used to localize expression of HTR1A in human liver biopsies. We found that HTR1A was expressed by hepatocytes (Supplemental Fig. S1 ; the online version of this article contains supplemental data), consistent with earlier reports (15, 34) . In addition, immunohistochemistry demonstrated expression of 5-HTR1A protein by cholangiocytes in bile ducts within portal tracts in healthy human livers. In livers with primary biliary cirrhosis, bile ducts, bile ductules, and scattered stromal cells in fibrotic portal tracts also expressed HTR1A (Fig. 1A) . Because this immunohistochemical evidence of HTR1A on cholangiocytes in healthy and diseased livers was novel, the specificity of HTR1A staining was verified by exposing cytospins of well-established mouse and rat cholangiocyte cell lines to HRP-conjugated secondary antibody after incubation with primary antisera to HTR1A or nonimmune sera. Staining was demonstrated only after preexposure to anti-HTR1A; both murine cholangiocytes (603B cell line) and rat cholangiocytes (NRC line) uniformly demonstrated strong HTR1A expression (Fig. 1, B and C) . The immunostaining data, therefore, complement and extend an earlier report that agonists of HTR1 inhibited ductular proliferation in BDL rats (20) . That earlier study did not, however, directly examine the effect of 5-HT itself on ductular proliferation. Therefore, we treated the 5-HTR1-expressing mouse cholangiocytes with 5-HT. 5-HT induced dosedependent reductions in cholangiocyte BrdU incorporation (Fig.  1D) , establishing definitively that 5-HT is a cholangiocyte growth inhibitor. Cholangiocytes express enzymes for 5-HT biosynthesis, catabolism, and transport. Next, to determine whether cholangiocytes themselves might be a source of 5-HT, we used QRT-PCR and immunocytochemistry to examine mRNA and protein expression of TPH, the rate-limiting enzyme for 5-HT biosynthesis. There are two isoforms of TPH: TPH1 has been localized to nonneuronal (peripheral) cells, whereas TPH2 is expressed mainly in neural cells (38 -40) . We assessed expression of both TPH1 and TPH2 in the mouse and rat cholangiocyte lines, after verifying that the cells retained expression of cholangiocyte markers (KRT19 and ␥GT) in vitro (Fig. 2, A, E,  and F) . Mouse and rat cholangiocytes expressed both isoforms of TPH (Fig. 2, B-F) . As predicted by HTR1 immunostaining, cholangiocytes also expressed HTR1A mRNA. In addition, transcripts of HTR1B, monoamine oxidase (mao) A and maoB (which degrade 5-HT), and the 5-HT transporter (sert) (which mediates cellular uptake of 5-HT from the extracellular space) were easily demonstrated (Fig. 2B) . Thus cholangiocytes have the enzymatic machinery to produce, degrade, respond to, and transport 5-HT.
Cholangiocytes Produce 5-HT
HPLC was then used to compare the 5-HT content of conditioned medium from 603B-cholangiocyte monocultures, Transwell cocultures of 603B cholangiocytes with liver MF and MF monocultures (Fig. 3A) . 5-HT was detected in all culture medium. Medium harvested from monocultures of MF, and Transwell cocultures of cholangiocytes plus MF contained comparable levels of 5-HT. However, the 5-HT content of medium from cholangiocyte monocultures was sixfold higher. These findings suggested that soluble MF-derived factors might have inhibited cholangiocyte production of 5-HT.
To evaluate this possibility further, TPH1 and TPH2 expression were compared in mono-and cocultured cholangiocytes. TPH1 mRNA levels were fairly similar in monocultured cholangiocytes and cholangiocytes that had been cocultured with MF. In contrast, coculture with MF reduced cholangiocyte expression of TPH2 by 80% (Fig. 3B) . Because Angpt1 interacts with Tie2 to regulate 5-HT synthesis in endothelial cells (4, 35) , we next determined whether coculturing cholangiocytes with MF influenced expression of either of these regulators of 5-HT production. Compared with monocultured cholangiocytes, cholangiocytes that had been cocultured with MF expressed significantly lower levels of both Angpt1 and Tie2 mRNA (Fig. 3C) . Together, these results suggest that MFderived factors may disrupt cholangiocyte Angpt1-Tie2 signaling that promotes TPH2 expression and 5-HT synthesis, but further research is required to prove this definitively.
TGF-␤ 1 has been reported to inhibit Angpt1 (23) , and MF provide a rich source of TGF-␤ 1 in injured livers. Therefore, we compared the TGF-␤ 1 content of conditioned medium from our culture systems to assess whether or not differences in TGF-␤ 1 exposure might have contributed to the differences in Angpt1/Tie2/TPH2 expression and 5-HT content that we noted in mono and cocultured cholangiocytes. Medium from MF monocultures contained about twice as much TGF-␤ 1 as cholangiocyte monocultures. Coculturing MF with cholangiocytes further increased TGF-␤ 1 levels. Hence cholangiocytes that were cocultured with MF were exposed to significantly higher concentrations of TGF-␤ 1 than monocultures of cholangiocytes (Fig. 3D ). To determine whether or not the higher levels of TGF-␤ 1 might have directly impacted cholangiocyte 5-HT synthesis, monocultures of 603B cholangiocytes were treated with TGF-␤ 1 (or vehicle) for 24 h. Compared with vehicle-treated controls, cholangiocytes that were exposed to TGF-␤ 1 expressed significantly reduced levels of Angpt1, Tie2, and TPH2 mRNAs. These findings support the concept that MF-derived TGF-␤ 1 suppresses cholangiocyte production of 5-HT. The inhibited de novo biosynthesis of 5-HT in cholangiocytes, in turn, likely contributes to the heightened proliferative activity of cholangiocytes that are cocultured with liver MF (27) .
Because levels of TGF-␤ 1 increased when MF were cocultured with cholangiocytes (Fig. 3D) , we next asked whether cholangiocytes might produce factors that promote MF production of TGF-␤ 1 . Since the 5-HT content of monocultured cholangiocytes was significantly higher than that of cocultured cholangiocytes (Fig. 3A) , we treated MF monocultures with 5-HT to determine whether it directly influenced MF production of TGF-␤ 1 . Indeed, 5-HT directly acted upon MF to upregulate their expression of TGF-␤ 1 mRNA by threefold (Fig. 3E) . These results suggest that 5-HT and TGF-␤ 1 are among the various paracrine signals that liver MF and cholangiocytes exchange to control their growth. According to this model (Fig. 4) , cholangiocyte-derived 5-HT acts via autocrine mechanisms to limit cholangiocyte growth, but it functions in a paracrine fashion to stimulate production of TGF-␤ 1 by neighboring MF. The MF-derived TGF-␤ 1 , in turn, provides an autocrine stimulus for MF growth but acts in a paracrine fashion to downregulate cholangiocyte 5-HT production. Reductions in 5-HT derepress cholangiocyte growth, permitting expansion of the ductular cell population. Proliferating ductular cells, in turn, produce Hedgehog ligands, PDGF-BB, and other MF growth factors that sustain MF growth (7, 9, 12-13, 25-27) despite reductions in local 5-HT.
Mice With Functional Inactivation of TPH2 Exhibited Decreased Biliary 5-HT and Exaggerated Ductular Proliferation After BDL
To determine the pathophysiological relevance of this model that was derived from our cell culture data, we compared responses to biliary injury induced by BDL in transgenic mice with an inactivating mutation of TPH2 (1) and WT littermate controls. TPH2 knockin mice (TPH2KI) carry a functional mutation in the murine TPH2 R439H allele that is equivalent to the human TPH2 R441H allele mutation that was identified in a cohort of patients with major unipolar depression (1). Previous characterization of TPH2KI mice demonstrated that 5-HT synthesis is reduced by ϳ80% in TPH2 expressing cells, whereas activities of TPH1 and SERT are unaffected (1) .
The effects of TPH2 inhibition on cholangiocyte production of 5-HT were evaluated by comparing biliary 5-HT content of WT and TPH2KI mice via HPLC. Because healthy mice generated insufficient quantities of bile for analysis, bile was collected from WT and TPH2KI mice 2 wk after BDL. Biliary 5-HT content was consistently reduced in TPH2KI mice (Fig. 5A) . Reduced production of 5-HT by cholangiocytes in the TPH2KI mice was likely responsible for their decreased biliary 5-HT content because 1) primary hepatocytes expressed neither TPH1 nor TPH2 mRNAs (Supplemental Fig. S2 ) and 2) SERT function is known to be preserved in TPH2KI mice (1). Thus evidence for altered 5-HT production and/or release by hepatocytes was lacking.
Next, the effects of reduced cholangiocyte-derived 5-HT on biliary remodeling responses were evaluated by exposing WT and TPH2KI mice to BDL. BDL induced ductular proliferation in both groups (Fig. 5B) . However, examination of H&E-stained liver sections suggested that the ductular response to biliary injury was much more florid in the TPH2KI mice, which exhibited large numbers of aberrant ductular structures in periportal areas following BDL. Computer-assisted morphometric assessment of liver sections that were stained with the cholangiocyte marker, KRT19, confirmed this impression. By 2 wk after BDL, TPH2KI mice accumulation of KRT19 ϩ cells had increased almost 25-fold in TPH2KI mice compared with a sevenfold increase in WT mice ( Fig. 5C and Supplemental Results are normalized to values in cholangiocytes monocultures and expressed as means Ϯ SE. E: 603B-cholangiocyte monocultures were exposed to recombinant TGF-␤1 (2 ng/ml) or vehicle for 24 h in serum-deprived medium, and QRT-PCR analysis was performed to evaluate the expression of angpt1, tie2, and tph2. Data are normalized to vehicle-treated controls and displayed as means Ϯ SE. F: MF monocultures were treated with exogenous 5-HT for 48 h and TGF-␤1 cell induction was assessed by QRT-PCR. Results are normalized to vehicle-treated MF and expressed as means Ϯ SE. For all data sets 2-tailed Student's t-test was employed to evaluate differences between groups. *P Ͻ 0.05, **P Ͻ 0.001. Fig. S3A ). BrdU labeling demonstrated that expansion of KRT19-expressing cells in the TPH2KI mice reflected increased cholangiocyte proliferation (Fig. 5, D and E) . Interestingly, some small hepatocytic cells in periportal areas also incorporated BrdU after BDL (Fig. 5F ). Post-BDL accumulation of BrdU-positive small hepatocytic cells was greater in TPH2KI mice than WT mice, and this was accompanied by significantly increased liver to body weight ratios in the TPH2KI group (Table 2) .
Reduced TPH2 Activity Promotes the Outgrowth of Liver Progenitors in BDL Mice
5-HT has been shown to stimulate proliferation of mature hepatocytes (7) . Thus evidence of increased hepatocyte proliferative activity in TPH2KI mice [in which 5-HT production is reduced and SERT function is preserved (1)] was unanticipated. Because the biliary tree provides a niche for bipotent progenitors that are capable of differentiating along either the hepatocytic or cholangiocytic lineages (31-32) and reduced biliary 5-HT production stimulated the growth of ductular cells (Fig. 5, B-E) , we examined the effect of reduced TPH2 activity on progenitor accumulation after BDL. Compared with WT-BDL mice, TPH2KI-BDL mice expressed significantly higher mRNA levels of various liver progenitor markers, including markers of immature hepatocytes [␣-fetoprotein (afp) and krt7], as well as markers of immature cholangiocytes (krt19, krt7, and nestin) (Supplemental Fig. S4 ). These findings were validated by immunohistochemistry, which also showed significant expansion of cells that expressed progenitor-associated keratins (Fig. 6, A and B, and Supplemental Fig. S3B ) and AFP (Fig. 6, C and D, and Supplemental Fig. S3C ). Interestingly, AFP-expressing hepatocytic cells were easily demonstrated in TPH2KI mice (but were rarely, if ever, noted in WT mice) following sham surgery (Fig. 6, C and D) . The aggregate data suggest that biliary production of 5-HT regulates the proliferative activity of the population of bipotent liver progenitors that give rise to both cholangiocytes and hepatocytes.
Increased Liver Fibrosis in Mice With Reduced Biliary 5-HT Production
During chronic liver injury, expansion of immature ductular cells and other progenitors, including bipotent liver progenitors, generally parallels MF accumulation and fibrosis progression (31) . Therefore, we compared fibrogenesis in the WT and TPH2KI mice following BDL. TPH2KI mice exhibited increased mRNA expression of fibrogenic factors (e.g., tgf␤, pfgf-BB), ␣sma (a MF marker), and collagen 1(␣). I (Fig. 7A) . Sirius red staining also demonstrated consistently more liver fibrosis in BDL-TPH2KI mice than BDL-WT (Fig. 7, B and  C) . Hence reduced biliary 5-HT content in adult TPH2KI mice (which harbor an inactivating mutation of TPH2) exhibit increased proliferation of immature ductular cells, formation of aberrant intrahepatic bile ductules, accumulation of AFP ϩ progenitors, and enhanced collagen deposition when subjected to a challenge that stimulated biliary remodeling.
DISCUSSION
Chronic obstruction of the extrahepatic biliary system stimulates proliferation of ductular cells within the liver, as well as progressive periportal accumulation of fibrous matrix that eventually bridges adjacent portal tracts, resulting in secondary biliary cirrhosis (13) . This study identifies 5-HT as an important modulator of this fibroductular response by demonstrating that BDL-induced ductular cell proliferation and liver fibrosis are both exacerbated significantly in TPH2KI mice that have an inactivating mutation of TPH2 and reduced biliary 5-HT content.
Accompanying in vitro studies show that cholangiocytes express both TPH1 (the typical TPH isoform that is expressed by nonneuronal cells) and TPH2 (the so-called neuron-specific TPH isoform) and prove that cholangiocytes are capable of synthesizing 5-HT de novo. The results also indicate that 5-HT directly represses cholangiocyte proliferation and demonstrate that cholangiocyte production of this autocrine growth inhibitor is Fig. 4 . Working model of paracrine mechanisms that modulate 5-HT-TGF-␤1 production in liver MF and cholangiocytes. Cholangiocyte-derived 5-HT (red spheres) acts in an autocrine fashion to limit cholangiocyte growth (1) and functions in a paracrine fashion to stimulate production of TGF-␤1 (blue spheres) by neighboring MF (2). The MF-derived TGF-␤1, in turn, provides an autocrine stimulus for MF growth (3) but acts in a paracrine fashion to downregulate cholangiocyte 5-HT production (4). Reduction of 5-HT derepress cholangiocyte growth, permitting expansion of the ductular cell population (5). Proliferating cholangiocytes, in turn, produce soluble factors (e.g., Hedgehog ligands, PDGF-BB, TGF-␤1) that sustain MF growth despite reductions in local 5-HT (6).
significantly influenced by TGF-␤ 1 , a MF-derived factor that selectively downregulates cholangiocyte expression of TPH2.
Earlier studies showed that ductular cells and liver MF typically aggregate during cholestatic liver injury (12, 13, 37) and proved that the liver MF release soluble factors that promote ductular cell growth (27) . Therefore, the new findings reveal a novel paracrine mechanism by which liver MF promote the growth of neighboring cholangiocytes. The cell culture data also demonstrate that 5-HT directly stimulates liver MF production of TGF-␤, a profibrogenic factor that supports MF growth. The latter information expands the list of cholangiocyte-derived profibrogenic factors (7), which is already known to include PDGF-BB, a potent MF mitogen (7, 9) . The aggregate data, therefore, provide further support for the concept that cross talk between cholangiocytes and liver MF orchestrates biliary remodeling by modulating cellular exposure to growth regulators.
Additional research will be required to clarify the specific mechanisms by which MF-derived TGF-␤ 1 results in downregulation of cholangiocyte TPH2 expression. Because TPH2 was not previously known to be expressed by cholangiocytes, its regulation in such cells has not been explored. However, in other cell types, interactions between Angpt1, Tie2, and TGF-␤ 1 were shown to modulate 5-HT production (4, 5, 10, 23, 35) . Similar mechanisms may be operative in cholangiocytes because we found that coculturing cholangiocytes with liver MF significantly repressed cholangiocyte expression of Angpt1 and Tie2 mRNAs. Further work is also needed to tease apart the relative contributions and cumulative effects of various cholangiocyte-derived factors on MF growth. Our studies show that 5-HT stimulates such cells to produce TGF-␤ 1 , an acknowledged MF growth factor. However, it is also evident that other autocrine/paracrine factors are able to drive MF growth when cholangiocyte production of 5-HT declines because MF populations generally expand as a net effect of cholangiocyte-liver MF paracrine interactions (12, 13, 25, 27, 37). Indeed, the latter was demonstrated to occur in the present studies of BDL-TPH2KI mice, which accumulated more MF and developed worse liver fibrosis than WT mice that maintained higher levels of 5-HT.
Many types of chronic liver injury are capable of triggering fibrosis and ductular cell accumulation (dubbed the ductular reaction). This response is often accompanied by expansion of liver progenitor populations, including hepatoblasts/oval cells, bipotent liver epithelial progenitors which reside along canals of Hering, the proximal branches of the biliary tree (30, 32) . The present study reveals a role for 5-HT in this process because TPH2KI mice, which are deficient in 5-HT, exhibit increased numbers of liver progenitors during chronic cholestatic injury. Interestingly, such populations included cells that expressed markers of immature hepatocytes (e.g., ␣-fetoprotein), as well as cells with features of immature cholangiocytes let-derived 5-HT stimulates their proliferation (15) . Thus 5-HT appears to exert differential effects on the growth of immature and mature hepatocytes. The aggregate data, therefore, support the concept that progenitor populations, rather than mature hepatocytes, fueled regenerative responses that caused hepatomegaly to occur in 5-HT-deficient TPH2KI mice following BDL.
Further research will be required to delineate the specific growth-modulatory mechanisms that are influenced by 5-HT. Previous publications identify interleukin (IL)-6 and factors such as Foxa1 and Foxa2 that regulate IL-6 expression as attractive targets for 5-HT regulation. In humans, chronic cholestatic liver diseases have been associated with decreased hepatic expression of Foxa2 (2), a factor that interacts with Foxa1 to repress IL-6 transcription (17) . Enhanced proliferative activity of ductular cells following BDL has generally been attributed to IL-6 because BDL induces cholangiocyte production of IL-6, and various strategies that reduce IL-6 activity attenuate BDL-induced proliferation of ductular cells (19, 20) . Our preliminary comparison of IL-6 mRNA levels in livers of WT and TPH2KI mice post-BDL demonstrated a sixfold greater induction of IL-6 expression in TPH2KI mice than WT mice (Supplemental Fig. S5 ). To date, however, we have detected few, if any, differences in expression of Foxa1 or Foxa2 between WT and TPH2KI mice post-BDL (data not shown). Thus additional research is needed to determine how reducing 5-HT amplifies IL-6 production. Such work will be important given a recent report that overexpression of IL-6 occurred in the livers of mice with targeted deletion of both Foxa1 and Foxa2 in liver progenitors and drove expansion of AFP-positive progenitor populations, ductular proliferation, and liver fibrosis in such animals (17) .
In summary, the new evidence that liver ductular cells are capable of synthesizing 5-HT de novo and that autocrine/ paracrine mechanisms that suppress biliary 5-HT production stimulate proliferation of ductular cells, liver MF, and progenitors demonstrates that liver cell-derived 5-HT normally functions as one of the "brakes" that restrains the outgrowth of such cells. This new information complements existing knowledge that 5-HT is an important mitogenic factor for mature hepatocytes (15) . Unlike cholangiocytes, mature hepatocytes lack the enzymatic machinery that is necessary for 5-HT biosynthesis and, thus, their exposure to 5-HT depends on 5-HT release from other cells. In addition to cholangiocytes, platelets and neurons are capable of releasing 5-HT within the hepatic microenvironment (15, 21, 33) . Hence concentrations of 5-HT may differ considerably across various liver microdomains, thereby permitting cell-specific regulation of proliferative activity. The net effects of 5-HT may also differ across the spectrum of liver epithelial cell differentiation, in accordance with variations in cellular repertoires of 5-HT receptors and expression of enzymes that synthesize and degrade 5-HT.
Although relatively little is known about such issues in adult livers, it has already been shown that depletion of plateletderived 5-HT inhibited liver regeneration after partial hepatectomy in rodents (15) . In humans, at least one episode of idiosyncratic hepatotoxicity and progressive liver failure has been attributed to the antiplatelet drug clopidogrel (11) . Millions of individuals take drugs that alter 5-HT homeostasis as treatments for depression and other neuropsychiatric disorders. Conversely, fibroductular responses that occur in most types of fibrosing and cholestatic liver diseases would be predicted to reduce hepatic production of 5-HT. Whether or not this contributes to any of the neuropsychiatric complications of advanced liver disease, however, has not been examined. Nonetheless, the aggregate observations raise the intriguing possibility that serotonergic signaling influences various outcomes of liver injury and identify this area as worthy of future research.
